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VNLQSURYLGHVSK\VLFDOSURWHFWLRQDQGGHOLFDWHWDFWLOHVHQVDWLRQV2QHWUHPHQGRXVFKDUDFWHULVWLFRIWDFWLOHVHQVDWLRQV
LVWKHDELOLW\WRGLVWLQJXLVKIRLOWKLFNQHVVXQWLOVHYHUDOPVRIWKLFNQHVVHVZKHQVXFKXOWUDWKLQWKLFNQHVVFDQQRW
EHPRQLWRUHGWKURXJKMRLQWVHQVRU\RUJDQV6LQFHWDFWLOHVHQVDWLRQVSOD\DPDMRUUROHLQWKLVWKLFNQHVVGLVFULPLQDWLRQ
SURFHVVRIXOWUDWKLQIRLOVHOXFLGDWLQJWKLVPHFKDQLVPLVWKHPDLQIRFXVRIRXUVWXG\
,QSUHYLRXVSV\FKRSK\VLFDOH[SHULPHQWVWKDWGLVFULPLQDWHGWKLFNQHVV-RKQ*RRGZLQDQG'DULDQ6PLWKIRXQG
WKDWKXPDQVZHUHFDSDEOHRIGLVFULPLQDWLQJWKHWKLFNQHVVEHWZHHQWKLQPDWHULDOXVLQJSODWHVIURPt aP
ZLWKLQDPUDQJH2QHRIWKHLUFRQFOXVLRQVZDVWKDWWKHJULSSLQJDQJOHEHWZHHQILQJHUVZDVWKHNH\IDFWRUWKDW
LPSURYHVGLVFULPLQDWLRQDELOLW\0L\DRNDDQG2KNDSHUIRUPHGDVLPLODUH[SHULPHQWXVLQJWKLQQHUPHWDOIRLOVDQG
SURSRVHG WKDW KXPDQV FDQ GLVFULPLQDWH HYHQ WKLQQHU PDWHULDO IURP t    a  P WKLFNQHVV ZKLFK FDQQRW EH
GHWHFWHGE\ WKHDQJXODU VHQVRU\RUJDQVRI WKHKXPDQ ILQJHU&RQVHTXHQWO\RQHK\SRWKHVLV LV WKDWHYDOXDWLRQV IRU
PDWHULDOZLWK OHVV WKDQP WKLFNQHVVPXVWEHPDGHXVLQJ6$,PHFKDQRUHFHSWRUXQLWVZKLFKH[LVWZLWKLQ WKH
VWUXFWXUHGOD\HURIWKHKXPDQVNLQWKLFNQHVVRYHUPVHHPVWREHPRQLWRUHGWKURXJKWKHMRLQWVHQVRU\RUJDQV
RI ILQJHUV 2XU SUHYLRXV VLPXODWLRQZRUN DOVR KLJKOLJKWHG WKH LPSRUWDQFH RI WKH LQGH[ ILQJHUV LQ DQDO\]LQJ WKH
GLIIHUHQFHV LQ WKH SURSHUWLHV EHWZHHQ PDWHULDOV 7KH WKHRUHWLFDO DVSHFWV UHODWHG WR WKLV H[SHULPHQWDWLRQ FDQ EH
UHYLHZHGa
7KHREMHFWLYHRIWKLVUHVHDUFKLVWRVWXG\WKHPHFKDQLVPRIGHOLFDWHWDFWLOHVHQVDWLRQVDQGDSSO\RXUILQGLQJVWR
WKH GHYHORSPHQW RI D QHZ URERWLF VHQVRU RU RWKHU KXPDQPDFKLQH LQWHUIDFH2QH H[WUHPHO\ GLIILFXOW FKDOOHQJH LV
GLUHFWO\PRQLWRULQJWKHSK\VLFDOEHKDYLRULQVLGHRXUVNLQGXULQJFRQWDFW3DVWUHVHDUFKXVHGSULPDWHVDVWHVWVXEMHFWV
EXW FXUUHQW H[SHULPHQWDWLRQRQ OLYHDQLPDOV LVPXFK VWULFWHUEHFDXVHRI WKH LQFUHDVHGDZDUHQHVVRI DQLPDO ULJKWV
%DVHGRQWKHDERYHVLWXDWLRQZHXVHGDQLQGLUHFWPHWKRGDQGSHUIRUPHG)LQLWH(OHPHQW$QDO\VLV)($RQDKXPDQ
ILQJHUPRGHOGXULQJFRQWDFWZLWKH[WUHPHO\WKLQIRLOVZKRVHFRSSHU&XDQGVWDLQOHVVVWHHO686PDWHULDOVZHUH
XVHG
7KH DSSOLFDWLRQ RI )($ IRU WKH EHKDYLRU VWXG\ RIPHFKDQRUHFHSWRUV XQGHU ORDGLQJZDV SURSRVHG E\0DHQR
.RED\DVKL DQG<DPD]DNL *HUOLQJ DQG 7KRPDV:X HW DO DQG RWKHUV 2WKHU UHVHDUFK E\'DQGHNDU 5DMX DQG
6ULQLYDVDQ DQG 6ULSDWL %HQVPDLD DQG -RKQVRQ SURYLGHG D JRRG ILW EHWZHHQ WKH UDWH RI WKH VSLNHV ILUHG E\ WKH
6ORZO\$GDSWLYH7\SH,6$,DIIHUHQWDQGWKH6WUDLQ(QHUJ\'HQVLW\6('/HVQLDNDQG*HUOLQJIRFXVHGPRUH
RQ WKH UHVSRQVH RI D VLQJOH 6$, UHFHSWRU E\ FRPSDULQJ WKH UHVXOW ZLWK WKH SV\FKRSK\VLFV GDWD RI 3KLOOLSV DQG
-RKQVRQ &RQVHTXHQWO\ ZH XVHG WKH )($PHWKRG LQVWHDG RIPLFURQHXURJUDSK\ ZKLFK GLUHFWO\ REWDLQV QHXURQ
DFWLYLW\WKURXJKDPLFURQHHGOHWKDWSHQHWUDWHVDVSHFLILFQHUYHILEHU
,QDVHULHVRIVLPXODWLRQVZHFRPSDUHWKHGLIIHUHQFHVEHWZHHQWKHYRQ0LVHV90VWUHVVHVJHQHUDWHGLQWKHVNLQ
XQGHUGLIIHUHQWORDGLQJVWDWHVZKHQWKH&XDQG686IRLOVDUHJUDVSHG6LQFH90VWUHVVLVHTXLYDOHQWWR6('ZHFDQ
HVWLPDWHWKHWDFWLOHVHQVDWLRQVIURP90VWUHVVYDULDWLRQV2QWKHRWKHUKDQGZHREWDLQHGWKHHTXLYDOHQWWKLFNQHVVRI
FRSSHUIRLO tFWRVWDLQOHVVVWHHOIRLOtVIURPDVHULHVRISV\FKRSK\VLFDOH[SHULPHQWVUDWLRtFtVZDVDFRQVWDQWYDOXHRI
DURXQGLQtF aP,QWKLVVLPXODWLRQUDWLRtFtVLVGHILQHGE\WKHWKLFNQHVVWKDWFDXVHVWKHVDPH90VWUHVV
+RZHYHU VLQFH UDWLR tFtV EHFRPHV ODUJHU WKDQ  WKURXJK VLPSOH DQJOHG RU YHUWLFDO ORDGLQJ DQDO\VLV ZH XVH WKH
GLIIHUHQFHRIWKH90VWUHVVHVEHWZHHQDQJXODUDQGYHUWLFDOORDGVWUHDWHGDVDGDWXPWRFDOFXODWHLW2QWKHEDVLVRI
WKHVLPXODWHGUHVXOWVUDWLRtF/tVLVHYDOXDWHGWRREWDLQRSWLPDOORDGLQJIRUWKHWKLFNQHVVRIIRLOVXVLQJtVDVWKHEDVH
DQGWKHSURMHFWLRQYDOXHRItF)LJ
3URFHGXUHRI)($
2.1. Optimal Meshing 
6LQFH WKHPDLQ REMHFWLYH RI WKLV VLPXODWLRQ LV WR LGHQWLI\ WKH YDOXH RI WKH90 VWUHVV LQVLGH WKH GHUPLV GXULQJ
FRQWDFWZHQHHGWRUHHYDOXDWHWKHSUHYLRXVZRUNLQJSURFHGXUHWRDFKLHYHWKHPRVWRSWLPXPPHVKPRGHOIRURXU
VLPXODWLRQ:HFRQGXFWHGHUURUDQDO\VLVRIRXUVLPXODWHGUHVXOWWRYDOLGDWHWKHFRUUHFWQHVVRIWKHPHVKPRGHO
:HFRQGXFWHGDVHULHVRIVLPXODWLRQVXVLQJ&$7,$9ZLWKD'HODVWLFPRGHORIWKHLQGH[ILQJHUDQGWKXPE
FRQVLVWLQJRIWKHHSLGHUPLVGHUPLVERQHVDQGQDLOVZKLOHJUDVSLQJWKH&XRU686IRLOZLWKWKLFNQHVVHVEHWZHHQt
 aP7KHPDLQIRFXVIRUWKLVDQDO\VLVLGHQWLILHVWKHVSHFLILFQRGDOSRLQWVZKLFKUHSUHVHQWWKHFRQWDFW
DUHDVDQGWKHORFDWLRQRIWKH6$,PHFKDQRUHFHSWRUXQLWRQWKHILQJHUV$Q2&75((WHWUDKHGURQPHVKZDVDSSOLHG
ZLWKDUHYLVHGHOHPHQWW\SHIURPOLQHDUWRTXDGUDWLFWRUHGXFHWKHDVSHFWUDWLRHVSHFLDOO\RQWKHIRLOSDUW7KHPHVK
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VL]HZDV IXUWKHU UHGXFHGDQGVLPSOLILHG WRDPPPHVKH[FHSW IRUPPPHVKVKHHWV7KHDSSOLHG ORDGZDV
VLPSOLILHGDQGUHYLVHGWR1IRUERWKILQJHUV7KHSURSHUWLHVRI<RXQJ¶V0RGXOXVaDUHVKRZQLQ7DEOH
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)LJ1HZVHOHFWHGSRVLWLRQDQGDUUDQJHPHQWRIQRGHSRLQWV

&RQVLGHULQJWKDWDPHWDOIRLOLVWKHPRVWFULWLFDOSDUWGXHWRWKHKLJKDVSHFWUDWLRWKHYHULILFDWLRQSURFHVVXVHVD
VLPSOHPRGHORIDFODPSHGFLUFXODUIRLOZLWKWKHFRQFHQWUDWHGORDGDSSOLHGWRWKHFHQWHU7KHEHQGLQJHTXDWLRQRIWKH
FODPSHG FLUFXODU SODWH REWDLQHG IURP WKH 7KHRU\ RI 3ODWHV 	 6KHOOV LV WKH PDLQ UHIHUHQFH IRU GHILQLQJ WKH
PD[LPXPGHIOHFWLRQ%DVHGRQWKHHUURUDQDO\VLVLQ)LJWKHQXPHULFDOHUURUGHFUHDVHVDVWKHWKLFNQHVVLQFUHDVHV
7KHQXPHULFDOHUURULQFUHDVHVDEUXSWO\XQGHUt  PPDQGFDQEHNHSWOHVVWKDQZLWKFRQGLWLRQVZKHUHWKH
WKLFNQHVV RI WKH PDWHULDO LV NHSW DERYH t   PP ZKHQ ZH DVVXPH WKH PHVK VL]H LV  PP 'XH WR WKH
FRPSOLFDWHG VKDSH RI RXU DFWXDO ILQJHUPRGHO ZH UHIHUUHG WR WKLV HUURU DQDO\VLV UHVXOW IRU HYDOXDWLQJ WKH DFWXDO
PRGHO¶VEHKDYLRXU:HFDOFXODWHGFDVHVRI tt PPZLWKDPPPHVKEHFDXVH WKHQXPHULFDOHUURU LVZLWKLQ
 6LQFH WKH FDVH RI  t PPPHDQV GLUHFW WRXFK EHWZHHQ WKH LQGH[ ILQJHU DQG WKH WKXPE ZH IRFXV RQ WKH
FDOFXODWLRQZKHQWKHFDVHLVWUXVWHG%HWZHHQ  t DQG  t PPWKHHYDOXDWLRQLVPDGHXVLQJOLQHDULQWHUSRODWLRQ
2.2. Measuring Node Points 
2XUQH[WREMHFWLYH LV WR LGHQWLI\ VXLWDEOH ORFDWLRQV IRU WKH QRGDO SRLQWV IRU GDWD H[WUDFWLRQSXUSRVHV )LUVWZH
IRFXVRQWKHFRQWDFWSRLQWVEHWZHHQWKHLQGH[ILQJHUDQGWKHIRLODVDEDVHIRUFHQWUDOQRGDOSRLQWVZLWKWKHQXPEHU
RI SRLQWV DURXQG LW WR UHSUHVHQW WKH EHKDYLRXU RIPHFKDQRUHFHSWRU DFWLYDWLRQ GXULQJ ORDGLQJ %DVHG RQ SUHYLRXV
ILQGLQJV WKH LQGH[ ILQJHU LV WKH PDLQ IRFXV RI WKLV DQDO\VLV 7R GHILQH WKHVH FRQWDFW DUHDV WKH +HUW]LDQ VWUHVV
IXQFWLRQ LV XVHG DV WKHPDLQ WKHRUHWLFDO UHIHUHQFH%\ GHILQLQJ WKH GLDPHWHUV RI HDFK KHPLVSKHUH DV PP WR
HPXODWHDILQJHUZHREWDLQDYDOXHRIa  PPDVWKHKRUL]RQWDOGLDPHWHUZKLFKLVFDXVHGE\WZRKHPLVSKHUHV
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WKDWFRQWDFWWKH1FRPSUHVVLRQ1H[WZHREWDLQDYDOXHRIa  PPIURPWKHFRQWDFWDQDO\VLVEHWZHHQVLQJOH
KHPLVSKHUHVZLWKIODWVXUIDFHV
9DOER DQG -RKDQVVRQ VWXGLHG WKH SURSHUWLHV RI D KXPDQPHFKDQRUHFHSWRU XQLW VXFK DV WKH VL]H RI UHFHSWLYH
ILHOGV DQG WKH GHQVLW\ RI XQLWV $FFRUGLQJ WR WKHLU UHSRUW WKH UHFHSWLYH ILHOGV RI WKH 6$,PHFKDQRUHFHSWRU XQLW
FRQVLVW RI FLUFXODU DUHDV RI DURXQG  a PP GLDPHWHU LI D P WKUHVKROG LV DVVXPHG:H DVVXPHG WKDW WKH
QXPEHUVRIPHFKDQRUHFHSWRUVZLWKLQFLUFXODUDUHDVRIa  PPDQGPPDUHn§DQGXQLWVUHVSHFWLYHO\
7KHVH YDOXHV RI XQLW QXPEHUV FRUUHVSRQG ZHOO LQ RXU VLPXODWLRQ &RQVLGHULQJ WKH DERYH DQDO\VLV EDVHG RQ WKH
PHFKDQLFDO FRQWDFW SUREOHP DQG WKH SK\VLRORJ\ RI WDFWLOH VHQVDWLRQ WKH )($ UHVXOW ZLOO UHSUHVHQW WKH 6$,
PHFKDQRUHFHSWRU XQLW¶V DFWLYLW\ ,Q RXU )($ZH DVVXPH WKDW D FLUFXODU DUHD RI a  PPRQ WKH ILQJHUWLS LV D
FRQWURODUHD WRHYDOXDWH WKH6$,PHFKDQRUHFHSWRUXQLW¶VDFWLYLW\ LQ WKHQH[W VHFWLRQEHFDXVH WKH ODUJHVWGLDPHWHU
OLPLWVHHPVEHWWHUIRUWKHWDQJHQWLDOIRUFHIRUVXFKFDVHVDVWKLVVLPXODWLRQ
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DEFG

)LJ/RDGLQJFRQGLWLRQDUROOD[LVIURPYHUWLFDOWRSLQFKPRWLRQEUROOD[LVIURPYHUWLFDOWRWZLWFKPRWLRQ
FSLWFKD[LVIURPYHUWLFDOWRSLQFKPRWLRQDQGGSLWFKD[LVIURPYHUWLFDOWRWZLWFKPRWLRQ5HG
DUURZVUHSUHVHQWYHUWLFDOORDGJUHHQDUURZVVKRZDQJOHORDGDQG\HOORZGRWWHGDUURZVVKRZFKDQJHRIPRWLRQGLUHFWLRQ<HOORZGRWWHGDUURZV
DUHUHYHUVHGLQFDVHVRISLWFKD[LVRSSRVLWH
2.3. Loading Conditions 
:HDOVRVWXGLHGWKHSRVVLEOHEHKDYLRURIERWKWKHLQGH[ILQJHUDQGWKHWKXPEGXULQJWKHHYDOXDWLRQSURFHVVRIIRLO
WKLFNQHVVE\KDQGOLQJWKHIRLOV)LUVWZHGLYLGHGWKHEHKDYLRXULQWRWKUHHEDVLFFRQGLWLRQVWKHYHUWLFDOORDGLQJVWDWH
GDWXPWKHDQJOHGORDGSLQFKPRWLRQVWDWHDQGWKHDQJOHGORDGWZLWFKPRWLRQVWDWH)LJVDaEUHSUHVHQW
WKHORDGLQJFRQGLWLRQZLWKLQWKHUROOD[LV)LJVFaGUHSUHVHQWWKHORDGLQJFRQGLWLRQZLWKLQWKHSLWFKD[LV7KH
UROO D[LV RQO\ UHTXLUHV FRQILUPDWLRQ RQ WKH VLQJOH SKDVH GXH WR D V\PPHWULFDO VKDSH DQG WKH SLWFK D[LV UHTXLUHV
FRQILUPDWLRQRIERWKWKHQRUPDODQGRSSRVLWHGLUHFWLRQV
'XULQJWKHILUVWSLORWQXPHULFDOH[SHULPHQWVZHGLGQRWYHULI\WKHIRLOWKLFNQHVVWKURXJKWKH90VWUHVVWKDWZDV
FDXVHGE\VLPSOHORDGLQJV7KLVDVVXPHVWKDWKXPDQVGRQRWGLVFULPLQDWHWKHWKLFNQHVVWKURXJKVWLPXODWLRQVFDXVHG
E\VLPSOH ORDGLQJEXW WKURXJKVWLPXODWLRQGLIIHUHQFHVFDXVHGE\PRWLRQFKDQJHV,Q WKLFNQHVVGLVFULPLQDWLRQRXU
K\SRWKHVLV LV WKDW WKH DELOLW\ WR GLIIHUHQWLDWH WZR H[WUHPHO\ WKLQ PDWHULDOV FRPHV IURP WKH FRPSDULVRQ SURFHVV
EHWZHHQWKHYHUWLFDOORDGLQJVWDWHZKLFKLVWKHGDWXPYHUVXVWKHDQJOHGORDGLQJVWDWHSLQFKRUWZLWFKPRWLRQ
6LPXODWLRQ5HVXOWVDQG'LVFXVVLRQ
,Q WKLV VHFWLRQ ZH GLVFXVV WKH VLPXODWLRQ UHVXOW XVLQJ WKH H[WUDFWHG 90 VWUHVV GDWD RI WKH LQGH[ ILQJHU WKDW
LQWHUDFWHGZLWK WKH WKXPEDQG WKH&XDQG686IRLOV IURP WKH VHOHFWHGQRGDOSRLQWV7KHDUUDQJHPHQWRI VSHFLILF
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QRGDOSRLQWVDUHVKRZQLQ)LJ,QVWHDGRIXVLQJWKHLUDYHUDJHVZHGLVFXVVWKHPD[LPXP90VWUHVVYDOXHVRIDOO
WKH VHOHFWHG QRGH SRLQWV 6LQFH XVLQJ DYHUDJH GDWD LQGLUHFWO\ FRQFHDOV WKH DFWXDO DFWLYLW\ LQ VRPH DUHDV WKH
PD[LPXP YDOXH UHSUHVHQWV WKH PRVW VLJQLILFDQW IHDWXUH $V D UHVXOW GXULQJ DQDO\VLV RI WKH UROO D[LV SLQFK DQG
WZLWFKWKHPD[LPXP90VWUHVVRFFXUVPRVWO\DWSRLQW$VIRUWKHDQDO\VLVRIWKHSLWFKD[LVSLQFKDQGWZLWFK
WKHPD[LPXP90VWUHVVJHQHUDOO\RFFXUVDWSRLQWDQGIRUWKHSLWFKRSSRVLWHDQGWKHWZLWFKRSSRVLWHLWRFFXUV
PRUHIUHTXHQWO\DWSRLQW
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F 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H  I

)LJ&RPSDULVRQEHWZHHQGLIIHUHQFHVRI90VWUHVVUHVXOWVRI&XDQG686PDWHULDOGXULQJYHUWLFDOORDGYVDQJOHORDGEDVHGRQVSHFLILFQRGH
SRLQWVDQGORDGLQJVWDWHVDUROOD[LVZLWKSLQFKPRWLRQEUROOD[LVZLWKWZLWFKPRWLRQFSLWFKD[LVZLWKSLQFKPRWLRQGSLWFKD[LVZLWK
WZLWFKPRWLRQHSLWFKD[LVZLWKSLQFKRSSRVLWHPRWLRQDQGISLWFKD[LVZLWKWZLWFKRSSRVLWHPRWLRQ

)LUVW ZH H[DPLQHG DOO WKH VLPXODWLRQ UHVXOWV DQG SORWWHG WKHP DV D UHODWLRQVKLS EHWZHHQ90 VWUHVV DQG IRLO
WKLFNQHVV,QWKHVHJUDSKVDOPRVWDOOWKHFXUYHVGHFUHDVHGZLWKDQLQFUHDVHRIWKLFNQHVVZKHUHWKH686IRLOVKRZV
KLJKHU90VWUHVV WKDQWKH&XIRLO LQHDFKFDVH6LQFHWKLVPHDQVWKDW LGHQWLFDO90VWUHVV6$,PHFKDQRUHFHSWRU
XQLWDFWLYDWLRQFDXVHVODUJHU686IRLOWKLFNQHVVWKDQWKH&XIRLOWKHVLQJOHORDGLQJFRQGLWLRQLVQRWXVHGWRHYDOXDWH
IRLO WKLFNQHVV&RQVHTXHQWO\ZHDVVXPHGWKDWKXPDQVMXGJHWKHIRLO WKLFNQHVVE\WKHGLIIHUHQFHLQ WKH90VWUHVV
FDXVHGLQWKHGHUPLV7KLVDVVXPSWLRQLVQDWXUDOO\DFFHSWHGEHFDXVHLQGDLO\OLIHZHVRPHWLPHVSLQFKVKHHWVEHWZHHQ
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WZRILQJHUVDQGVOLGHRXUILQJHUVRQWKHP
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H I

)LJtF/tVUDWLRZLWKUHIHUHQFHWRDYHUDJH90VWUHVVRI&XDQG686EDVHGRQVSHFLILFQRGHSRLQWVDQGORDGLQJVWDWHVDUROOD[LVZLWKSLQFK
PRWLRQEUROOD[LVZLWKWZLWFKPRWLRQFSLWFKD[LVZLWKSLQFKPRWLRQGSLWFKD[LVZLWKWZLWFKPRWLRQHSLWFKD[LVZLWKSLQFKRSSRVLWH
PRWLRQDQGISLWFKD[LVZLWKWZLWFKRSSRVLWHPRWLRQ

)LJXUHVKRZVWKHUHODWLRQVKLSEHWZHHQWKHGLIIHUHQFHVRIWKH90VWUHVVRQWKHYHUWLFDOYVDQJOHGORDGIRUERWK
WKH686DQG&XIRLOV7KHVHUHVXOWVVKRZWKDWWKHDELOLW\WRGLIIHUHQWLDWHEHWZHHQWKLFNQHVVHVE\WKHGLIIHUHQFHRI
90VWUHVVLVPRUHREYLRXVZKHQWKHFRPSDULVRQLVPDGHEHWZHHQWZLWFKPRWLRQORDGVYVGLUHFWORDGGDWXP)URP
DPDMRULW\RI WKH UHVXOWV WKHGLIIHUHQFHVEHWZHHQERWK WKH&XDQG686PDWHULDOVDUHPRUHREVHUYDEOHHVSHFLDOO\
GXULQJWZLWFKPRWLRQV
1H[WE\UHIHUULQJWR)LJWKHGLIIHUHQFHVRIWKHtFtVUDWLRDUHDOVRPRUHQRWLFHDEOHGHSHQGLQJRQWKHGLIIHUHQFH
RIWKHORDGLQJPRWLRQ,QWKHGHWHUPLQDWLRQRItFDQGtVZHREWDLQJUDSKVZKRVHRUGLQDWHLVWKHGLIIHUHQFHEHWZHHQ
WKH90VWUHVVHVRI WKHDQJOHG ORDGYV WKHGDWXP WKHDEVFLVVD LV WKH WKLFNQHVVDQG tFDQG tV DUHHVWLPDWHGDV WKH
WKLFNQHVV WKDW FDXVHV WKH VDPH PDJQLWXGH RI WKH GLIIHUHQFHV EHWZHHQ WKH 90 VWUHVVHV LQ WKH JUDSKV )LJ 
(VSHFLDOO\LQ)LJIE\FRPSDULQJWKHUDWLRVGXULQJDWZLWFKPRWLRQRIDDQJOHORDGZLWKDGDWXPDPD[LPXP
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tFtV    UDWLRZDV DFKLHYHG ,IZH FRPSDUH WKLVZLWK WKH UDWLRV RI SUHYLRXV SV\FKRSK\VLFV H[SHULPHQWDWLRQV 
ZKLFKZHUHDURXQGWKHSUHVHQWUHVXOWSURYLGHVDOPRVWLGHQWLFDOYDOXH
&RQFOXVLRQ
7RHOXFLGDWHWKHPHFKDQLVPRIIRLOWKLFNQHVVUHFRJQLWLRQZHFRQGXFWHGDQ)($DQDO\VLVXVLQJD'PRGHORIDQ
LQGH[ILQJHUDWKXPEDQGYDULRXVVKHHWPHWDOVDVDEDVH:HDFKLHYHGRXUPDLQREMHFWLYHZKLFKZDVWRLGHQWLI\WKH
90 VWUHVV YDOXH ZLWKLQ WKH HSLGHUPLV VHFWLRQ :H PDQDJHG WR PDLQWDLQ WKH VLPXODWLRQ¶V FRQYHUJHQFH UDWH E\
RSWLPXP XVH RI WKH PHVK VL]H DQG WR NHHS WKH QXPHULFDO HUURU EHORZ  GXULQJ WKH VLPXODWLRQ %DVHG RQ WKH
VLPXODWLRQ UHVXOWV ZH PRQLWRUHG WKH EDVLF EHKDYLRXU RI WKH KXPDQ WDFWLOH PHFKDQLVP WR GHILQH WKH GLIIHUHQFHV
EHWZHHQ WZR H[WUHPHO\ WKLQ IRLOV 7KLV VLPXODWLRQ UHVXOW DOVR VXSSRUWV RXU LQLWLDO K\SRWKHVLV LQ ZKLFK 6$,
PHFKDQRUHFHSWRUXQLWVSOD\WKHPDLQUROHLQGHILQLQJWKHGLIIHUHQFHVEHWZHHQWKHIRLOV,QWKHIXWXUHZHZLOOH[SDQG
WKHILQGLQJVRIWKLVSDSHUWRWKHH[SHULPHQWDOSURFHGXUHVRIURERWLFWDFWLOHVHQVLQJXVLQJDWKUHHD[LVWDFWLOHVHQVRU
:LWKDURERWLFKDQGHTXLSSHGZLWKWKUHHD[LVWDFWLOHVHQVRUVZHZLOOHYDOXDWHWKHSUHVHQWORDGLQJPDQQHUWRLQFUHDVH
WKHSUHFLVLRQRIWKHIRLOWKLFNQHVVGLVFULPLQDWLRQ:HH[SHFWWKDWFRQWLQXLQJ)($WRHYDOXDWHPHFKDQRUHFHSWRUXQLW¶V
DFWLYDWLRQZLOOEHHPEUDFHGWRGHHSHQRXUXQGHUVWDQGLQJRIWKHKXPDQWDFWLOHPHFKDQLVP
$FNQRZOHGJHPHQWV
7KHDXWKRUVWKDQNWKH+RUL6FLHQFHDQG$UWV)RXQGDWLRQIRULWVIXQGLQJVXSSRUW7KLVZRUNZDVDOVRVXSSRUWHGE\
-636.$.(1+,*UDQW1XPEHU7KH OHDGDXWKRU WKDQNV WKH8QLYHUVLWL7HNQRORJL0$5$8L70DQG
.HPHQWHULDQ3HQGLGLNDQ0DOD\VLD.30IRUWKHLUILQDQFLDOVXSSRUWRIKLVGRFWRUDWHVWXG\
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